Finding Functional Features in Saccharomyces Genomes by Phylogenetic Footprinting
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The sifting and winnowing of DNA sequence that occur during evolution cause nonfunctional sequences to diverge, leaving phylogenetic footprints of functional sequence elements in comparisons of genome sequences. We searched for such footprints among the genome sequences of six Saccharomyces species and identified potentially functional sequences. Comparison of these sequences allowed us to revise the catalog of yeast genes and identify sequence motifs that may be targets of transcriptional regulatory proteins. Some of these conserved sequence motifs reside upstream of genes with similar functional annotations or similar expression patterns or those bound by the same transcription factor and are thus good candidates for functional regulatory sequences.
Functional non-protein-coding DNA sequences, such as gene regulatory elements, are difficult to recognize because they are usually short, often degenerate, and can reside on either strand of DNA at variable distances from the genes they control. Because functional sequences tend to be conserved through evolution, they can appear as "phylogenetic footprints" in alignments of genome sequences of different species (1) (2) (3) . To investigate the use of phylogenetic footprinting for identifying gene regulatory elements on a genome-wide scale, we compared the genome sequences of six yeast species. On the basis of our initial analysis of the Saccharomyces phylogeny (4 ), we selected for sequencing three Saccharomyces sensu stricto ("strict sense") species that are relatively closely related to Saccharomyces cerevisiae (S. mikatae, S. kudriavzevii, and S. bayanus). Their intergenic sequences average 59 to 67% identity to their S. cerevisiae orthologs in global alignments (table S1) . At this evolutionary distance, nonfunctional sequences have diverged enough to allow many functional sequence signals to stand out from the "noise," but the sequences retain enough overall similarity to enable their alignment. Because of the relatively high degree of similarity of sequences at these evolutionary distances, genome sequences of several species need to be compared to lend sufficient acuity to the phylogenetic footprints.
We also chose to include in the analysis two Saccharomyces species that are more distantly related to S. cerevisiae (S. castellii and S. kluyveri) (5) . To estimate the degree to which these species have diverged from S. cerevisiae, we compared the sequences of synonymous codons, because few of their intergenic sequences align to their S. cerevisiae orthologs. S. castellii and S. kluyveri average 33.9% identity to S. cerevisiae, compared with 54.5% identity for the sensu stricto species (table S1). Several Saccharomyces species are approximately this diverged from S. cerevisiae (4) . We chose these particular species for sequencing because they are thought to have the smallest genomes (6) . In addition, S. kluyveri is of particular biological interest because of an unusual aspect of its physiology: Unlike most other Saccharomyces species, it does not primarily ferment glucose (7) . We included these species in the analysis mainly for two reasons. First, we wished to compare the relative utility of sequences at different phylogenetic distances for comparative sequence analysis. Second, based on our preliminary analysis (4), we expected that many intergenic regions would be too highly conserved among the sensu stricto species to provide adequate definition of functional sequences, and more divergent sequences were expected to sharpen the definition of conserved sequence motifs. An additional reason for obtaining genome sequences of the more distantly related species is that, unlike the case with the closely related species, functional domains of their proteins are often apparent in multiple sequence alignments.
The sensu stricto species are so closely related that their genome organization is almost identical; only a few chromosomal rearrangements have occurred in these species, making their chromosomes almost completely syntenic with their S. cervisiae counterparts (8, 9) . In contrast, many chromosomal rearrangements have occurred in the genomes of the two species that are more distantly related to S. cerevisiae, resulting in relatively short stretches of chromosomes that are syntenic with the S. cerevisiae genome (8) .
Genome sequencing. When a complete, highly accurate genome sequence is available, as it is for S. cerevisiae, a relatively small amount of sequence data of related genomes is sufficient for substantial comparative analysis. We therefore sought only twofold to threefold genome coverage in random ("shotgun") sequence reads (10) of the five genomes, which is expected to yield 85 to 95% coverage of the sequence of each genome (11). We then used a semiautomated method for closing the gaps between assembled contigs (12). Because we were primarily interested in identifying functional elements in intergenic sequences, we limited our finishing efforts to gaps between contigs that fall in these regions of the genome. These strategies made this a relatively economical project. Details of sequence assembly and finishing are presented in table S2.
Improving genome annotation. DNA sequence comparisons can be used to refine genome annotation. Even for a small, wellstudied, and extensively annotated genome like that of S. cerevisiae, in which genes are relatively easy to recognize, our analysis affected annotation of more than 10% of the genes. We were able to predict 43 previously unannotated genes [all of them small open reading frames (ORFs) fewer than 100 codons in length, including 7 with an intron], based on their degree of sequence conservation (13). We also predict that 515 annotated genes are false, based on the nonsense codons and frameshift mutations present in their orthologs in the other species (14). We noticed several likely oversights in the current annotation of the S. cerevisiae genome (15). For example, the intron branch sequence tACTAAC appeared frequently as a sequence motif conserved in several orthologous intergenic regions, signaling the presence of potential introns. This allowed us to recognize 40 likely introns that had not been annotated, based on consensus 5Ј splice donor and 3Ј splice acceptor sequences flanking the conserved intron branch sequence. Our comparative genome analysis leads to a more accurate gene count for S. cerevisiae of 5773 (16), rather than the 6331 genes currently annotated in the Saccharomyces Genome Database (SGD) (17).
Alignment of intergenic sequences. Our primary goal was to identify functional nonprotein-coding sequences. We therefore compared entire intergenic regions, which are relatively short in Saccharomyces [average ϳ500 base pairs (bp)]. Intergenic sequences of the sensu stricto species are similar enough that most orthologous sequences can be accurately identified and aligned with CLUSTALW (18), but the two distantly related species are so diverged from S. cerevisiae that their intergenic sequences almost never aligned to the sequence of their S. cerevisiae ortholog. The orthologous intergenic sequences of the distantly related species could only be identified by aligning the sequences of their associated predicted proteins [using BLASTX (19)]. Over half of the intergenic regions are available from all four sensu stricto species (20); 40% are available from all six species (21). The genome sequences are available in the public databases (22); the CLUST-ALW alignments of the intergenic sequences can be obtained at www.genetics.wustl.edu/ saccharomycesgenomes/.
The four-way CLUSTALW alignments of orthologous intergenic sequences of the closely related sensu stricto species had an average sequence identity of 37.1%. This is significantly more identity than expected for nonselected (neutral) sequences at these phylogenetic distances (ϳ16%, see table S1). The distribution of sequence identity within intergenic regions was not uniform: A peak of conservation spanned approximately 125 to 250 bp upstream of the translational start codon (23), suggesting that this region is enriched in regulatory sequence elements (Fig. 1A) (24) . This is consistent with the view that most regulatory sequences in yeast promoters lie relatively close to the genes they regulate (25). It also suggests that a substantial number of the conserved sequence elements are conserved because they are functional, rather than because of their shared ancestry (the latter case would be expected to result in their more uniform distribution in intergenic regions). This is in contrast to the relative uniformity of sequence identity in intergenic regions downstream of genes (i.e., in terminators), which harbor no promoter elements (Fig. 1B) . Genes that have in their promoter a conserved TATA box (a key promoter sequence element that is the binding site for TATA box-binding protein, the protein around which RNA polymerase II and its many associated proteins assemble) have a broader and higher peak of conservation (Fig.  1A) , suggesting that their promoters contain more regulatory sequences than the average promoter, or that they are more slowly evolving than the average promoter. The lower average sequence identity that is 75 to 100 bp upstream of the ATG codon suggests that there may be a spatial restriction on regulatory sequences that prevents them from acting close to the transcriptional start site.
Several of the intergenic regions have highly conserved sequences immediately upstream of the translational start site that are longer and more conserved than the 6-to 10-nucleotide (nt) length expected for transcriptional regulatory elements (26 ). These sequences are not misannotated coding regions, because they are not encompassed in ORFs. The location of these conserved sequences makes them good candidates for translational regulatory elements. [Indeed, two of them are upstream of genes known to be translationally regulated (27, 28).] Ribosomal protein genes showed the highest degree of sequence identity within 30 bp of the translational start codon ( fig. S1 ) (29).
Identification of conserved sequence motifs. We searched for conserved sequence motifs in two overlapping sets of orthologous intergenic sequences: 3523 four-way alignments of intergenic regions of the closely related sensu stricto species, and 3084 six-way sequence comparisons that included sequences of both of the more distantly related species. The advantage of analyzing only the sequences of the closely related sensu stricto species is that they can be aligned in multiple sequence alignments, which provide a powerful visual tool for identifying evolutionarily conserved sequences. The value of the multiple sequence alignments is proportional to the degree that the regulatory sequence architecture is maintained among the different species, and this is high among the sensu stricto species. In addition, because functional sequences are expected to be in the same position and orientation in the closely related species, unaligned sequence motifs, which could easily occur by chance, are not considered, thereby restricting the amount of sequence to be searched.
The more distantly related species enhance the analysis in primarily two ways (30). First, because many intergenic regions have a high degree of sequence identity over the length of the CLUSTALW sequence alignments of the four sensu stricto species (31), the more distantly related species provide the sequence divergence necessary for conserved sequence motif identification in these intergenic regions. Second, the length of individual conserved sequence motifs in the more distantly related species correlates better with the length of transcription factor binding sites than it does in the sensu stricto species' sequences, where the conserved sequence motifs are often longer than known binding sites. The average length of sequence motifs conserved in the sensu stricto species' sequence alignments is 10.7 nt, with 43% of them being 10 nt or longer; the average length of conserved sequence motifs identified in the six-way sequence comparison is only 7.3 nt, and only 2% of them are 10 nt or longer. Similarly, the 7.5 nt average length of known conserved proteinbinding sites identified in the six-way sequence comparisons correlates better to the length of the binding site than does the 11.7 nt average length A number of algorithms have been developed to identify similar sequence motifs within sets of DNA sequences (33-36). Because these algorithms were designed for searching unrelated sequences, they tend to identify a large number of conserved sequence motifs in our related sequences, many of which are likely conserved as a result of their shared ancestry. Therefore, we used more stringent criteria that require the sequence motifs to be precisely conserved in all sequences being compared. A limitation of this approach is that some functional sequences will be missed because they need not be exactly conserved through evolution, but searching among a large number of intergenic regions increases the chance that a functional sequence motif will be found precisely conserved. We focused on ungapped motifs because most of the characterized sequence motifs (62 of 71) are ungapped, and many gapped motifs are likely artifacts as a result of simple sequences associated with ungapped motifs (such as simple AϩT-rich sequences associated with an ungapped sequence motif ), which makes it statistically difficult to distinguish the likely real gapped motifs. We expected that this relatively straightforward approach for identification of conserved sequence motifs would be successful because of our judicious choice of the number and phylogenetic distances of sequences to be compared. Indeed, we identified 53 of 62 characterized ungapped transcriptional regulatory motifs that are precisely conserved upstream of at least five genes [we also identified many conserved instances of all nine known gapped sequence motifs (37)].
We identified 8873 conserved 6-to 30-oligomers (mers) in the four-way CLUSTALW alignments of orthologous intergenic sequences of the sensu stricto species. This is significantly more (Ͼ150 SDs) than the 1090 that were found in the same sequence alignments when their columns had been randomly shuffled (38). Thus, we are about 88% confident that the 6-to 30-mers do not occur by chance. Our confidence in each n-mer increases with its size: The 98% confidence level is reached with 10-mers, because the number of 10-mers in the shuffled alignments is less than 2% of those in the real alignments ( fig. S2 ). Because the shuffled sequence alignments maintain the same degree of conservation, these results suggest that most of the n-mers result from functional selection rather than common ancestry. The six-way sequence comparison that includes the more distantly related sequences yielded 7915 conserved sequence motifs (39), with the 98% confidence level reached with 8-mers [see table S3 (40)]. The most statistically significant n-mers seem to be biologically significant because many of them are known binding sites for characterized DNA binding proteins (41).
About one-third (2771) of the 6-to 30-mers identified from multiple sequence alignments of sensu stricto species' intergenic regions and about 20% (1535) of the conserved n-mers identified in the six-way sequence comparisons contain at least 1 of 71 known sequence motifs ( fig. S3 ). A few known sequence motifs accounted for the majority of the matching nmers: 13 characterized sequence motifs accounted for about three-fourths of the known n-mers identified in the alignments of the closely related sequences; 10 characterized sequence motifs accounted for about three-fourths of the known n-mers found in the six-way sequence comparisons. Thus, a few sequence motifs seem to be regulating a large number of genes. The TATA box, which is by far the most frequent of the known conserved sequence motifs ( fig. S3 ), is conserved in surprisingly few intergenic regions (42).
Predicting novel functional sequence motifs. In an attempt to identify novel functional sequences among the 6-to 30-mers, we first determined if any tend to reside upstream of genes that are functionally related (43) . Considering unknown 6 to 30-mers that occur upstream of several genes, 18 n-mers identified from the alignments of the closely related sequences, and 18 nmers identified in the six-way sequence comparisons are upstream of genes significantly enriched for those with similar functional annotations (44 ) ( Table 1) , and are thus good candidates for functional sequence motifs.
Another way to predict which of the unknown conserved sequence motifs are functional is to identify those that reside upstream of genes that exhibit a similar pattern of expression. This seems to be a valid way to evaluate the functionality of conserved sequence motifs because the expression profiles of the 736 genes in the S. cerevisiae genome whose promoters contain an MCB box [a sequence motif that contributes to regulation of gene expression in the G 1 phase of the cell cycle (12, 45, 46) ] were essentially random through the cell cycle ( Fig. 2A) , but the subset of genes whose MCB box is conserved and aligned in the orthologous sequences of all †The probability that this set of genes is enriched in this functional classification by chance (52) .
‡In these cases, several overlapping sequence motifs were found as enriched in the same functional category.
four sensu stricto species exhibits coherent expression through the cell cycle (Fig. 2B) . Even genes in which the MCB box is present but not aligned in the orthologous intergenic sequences of all four species exhibited coherent expression (Fig. 2C) , although it is not as obvious as it is in genes that have these motifs aligned. Thirty-nine of the unknown conserved sequence motifs that we identified in sensu stricto species sequence alignments, and 13 of the unknown conserved sequence motifs that we identified in the six-way sequence comparisons that occur in multiple intergenic regions, reside upstream of a set of genes that are significantly enriched for similar gene expression patterns (Table 2 ) (47) .
Potentially functional conserved sequence motifs can also be predicted by identifying those that tend to reside in the intergenic regions to which a particular transcription factor binds. The intergenic regions of the S. cerevisiae genome to which 106 known or predicted DNA binding proteins bind have been identified by genomewide chromatin immunoprecipitation (ChIP) experiments (48). We determined the significance of the overlap between 23 test sets of intergenic regions that contain a conserved occurrence of a known transcription factor binding site with each of the 106 sets of intergenic regions bound by a transcription factor (49) . Twenty-one of these 23 sets of intergenic regions overlapped significantly (P Ͻ 10 to 5) with the intergenic regions bound by the transcription factor known to bind the site, suggesting that this is a valid approach for predicting functional sequence motifs. Considering unknown conserved sequence motifs that are present in multiple intergenic regions, nine that we identified in sensu stricto species sequence alignments and four that we identified (60) . †Gene expression coherence (0 ϭ no similar expression of the genes, 1 ϭ maximal similarity of expression of the set of genes) was calculated as previously described (54) .
‡ The probability of each set of genes having the EC score by chance is less than 10 Ϫ6 (61) . §In these cases several overlapping sequence motifs were found as enriched in the same functional category.
in the six-way sequence comparisons significantly overlapped with one of the 106 sets of genes bound by a transcription factor (Table  3 ). These 13 conserved sequence motifs are candidates for sequences that either bind one of the 106 transcription factors, or are bound by an unknown transcription factor that interacts with one of the 106 known or predicted transcription factors.
In summary, we identified 59 conserved sequence motifs in the four-way sequence alignments and 32 in the six-way sequence comparisons for which there is some evidence of functionality (Tables 1 to 3 ). Twelve of these were identified in both the four-way and six-way sequence comparisons, leaving 79 unique conserved sequence motifs that are good candidates for functional regulatory sequences (50) .
Conclusions. We have shown that phylogenetic footprinting on a genome-wide scale identifies many statistically significant conserved sequence motifs. Because we compared multiple genome sequences that are as optimally diverged as possible, we were able to predict functional sequence motifs by relatively straightforward methods using fairly stringent criteria for sequence motif definition (i.e., searching for n-mers). The fact that most known regulatory sequences turn up as conserved n-mers in our analysis validates this approach for identifying functional sequences and bolsters our confidence that many of the novel sequence motifs we identified are likely to be functional. The novel sequence motifs of which we are most confident are the 79 that lie upstream of sets of genes that tend to have similar functional annotations or similar expression or are bound by the same transcription factors. Of course, these are only predictions of functional sequences; experimental results will be necessary to validate them. The large number of conserved sequence motif predictions provided by comparative DNA sequence analysis should catalyze development and application of the high-throughput experimental methods necessary for testing their function. Louis, Nature 405, 451 (2000). 10. Libraries of genomic DNA fragments of the species were constructed in plasmid pOT4. Plating and sequencing of plasmid library subclones as well as sample loading, data collection, and processing were done as described at http://genome.wustl.edu/tools/protocols/. The sequences were assembled using the PHRAP (phragment assembly program; www.phrap.org) (51) using the following parameters: forcelevel 1, minmatch 17, minscore 40, new_ace, view. 11. E. S. Lander, M. S. Waterman, Genomics 2, 231 (1988). 12. D. Gordon, C. Desmarais, P. Green, Genome Res. 11, 614 (2001). 13. Sequences from the five different species were filtered to remove known protein coding sequences. ORFs 25 to 300 amino acids in length (an initiation codon was not required) were extracted from the sequences, and the encoded peptide sequences were compared with sequences from the different species to identify ORFs that were conserved between species. ORFs whose predicted proteins have significant similarity (P Ͻ 1 ϫ 10 Ϫ20 ) to translated intergenic regions ("NotFeatures DNA," obtained from the SGD) of S. cerevisiae were inspected manually. Finally, multiple DNA sequence alignments of the small ORFs were used to make accurate predictions of start and stop codons. 14. Genomic sequences of the five species were compared with annotated genes in S. cerevisiae using TBLASTN to identify those that are likely to be false. ORFs were termed false if most (Ն50%) of the top scoring alignments contain frameshift or stop codons, (for overlapping ORFs, only one species had to have a frameshift or stop codon to be called false).
Most of the false ORFs contain frame shifts or multiple stop codons in two or more species. 15. S. cerevisiae genomic sequences and annotations were obtained from the SGD (www.yeastgenome. org; July 24, 2002 version). 16. An additional 82 annotated S. cerevisiae ORFs do not have significant similarity to sequences in any of the Saccharomyces species, and are therefore likely not to be genes, but because we do not have complete genome sequences of the other species we cannot be certain of this. 17. All changes to the S. cerevisiae genome annotation were submitted to the SGD. cerevisiae genes overlapping or immediately adjacent to other genomic features (692 of the 6359 total genes listed in SGD) were not included in the analysis.] The orthologous promoter sequences of the sensu stricto species were aligned using CLUSTALW (15). Low-scoring alignments (less than 20% identity) and alignments lacking at least one run of six exact nucleotides were manually inspected. When appropriate, sequences were removed from the alignments to improve the quality (and accuracy) of the alignment. For example, we removed sequences if there were multiple sequences from one species ( perhaps duplication of an orthologous gene in the other species) or if there was one sequence not similar enough to align with the rest of the sequences ( perhaps a miscalled ortholog). After manually editing the sensu stricto species alignments, sequences from the more distantly related species were added to the files. Because these sequences are too diverged from the other sequences to align accurately we could not use alignments to inform ambiguous orthology calls. Multiple orthologs were retained for a given species unless one of them clearly had a more significant BLASTX hit. In many cases these decisions had to be made manually because of incomplete sequence coverage (that is, partial gene coverage and potential frame shifts or sequencing errors that affect the BLAST score *The probability that the set of intergenic regions with a conserved sequence motif overlaps one of the 106 sets of intergenic regions bound by a transcription factor by chance was calculated by the hypergeometric probability distribution, as described in (54) . †In these cases, several overlapping sequence motifs were found as enriched in the same functional category. move terminal unaligned sequence from the output. The alignments were shuffled 10,000 independent times using the shuffle utility program in SQUID (www.genetics.wustl.edu/eddy/software/#squid). Runs of identical sequence aligned in all four species in the real alignments and the shuffled alignments were extracted and counted. 39. Six-mers are not statistically significant in the six-way comparisons and were therefore not tabulated; n-mers longer than 10 nt are quite rare in these comparisons. 40. Sequences of 100 shuffled multiple intergenic sequence alignments of sensu stricto species were extracted and combined with intergenic sequences from the two distantly related species. n-oligomers present in all species were identified in the real promoter sets and compared with those present in the shuffled data sets. 41. For example, essentially all of the 10-mers conserved in the sensu stricto species' sequences (considered because there is a high degree of confidence that they are not chance occurrences) that occur frequently in the genome (considered because those are likely to be functional) are known 3-} in heptane. Slow addition of the proton source [{2,6-lutidinium}{BArЈ 4 }, where ArЈ is 3,5-(CF 3 ) 2 C 6 H 3 ] and reductant (decamethyl chromocene) was critical for achieving high efficiency (ϳ66% in four turnovers). Numerous x-ray studies, along with isolation and characterization of six proposed intermediates in the catalytic reaction under noncatalytic conditions, suggest that N 2 was reduced at a sterically protected, single molybdenum center that cycled from Mo(III) through Mo(VI) states.
The reduction of dinitrogen (N 2 ) to ammonia (NH 3 ) by various nitrogenase enzymes is one of the most fascinating transition metalcatalyzed reactions in biology (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . Six electrons and six protons produce two equivalents of NH 3 per N 2 in discrete steps at 1 atm of ambient pressure and mild temperatures, with the aid of one or more transition metal centers (Fe, Mo, or V) within those nitrogenases. Although nitrogenases have been studied for decades ( primarily the Fe/Mo nitrogenase), it is still not known today how they accomplish this feat.
With the discovery of the first N 2 complex of a transition metal in 1965 (13) came the hope that many N 2 complexes could be prepared and that an abiological catalytic reduction of N 2 at ambient pressure and temperature with protons and electrons at a welldefined transition-metal site would be forthcoming (14-22). Hundreds of N 2 complexes are now known, but only a few reports of the catalytic reduction of N 2 to NH 3 have appeared (18, (23) (24) (25) (26) (27) . No reduction of N 2 has been accomplished with a relatively mild reducing agent, and no system has revealed many details of the N 2 reduction steps. The
